Abstract. We present results of hypernuclei calculated in the latest quark-meson coupling (QMC) model, where the effect of the mean scalar field in-medium on the one-gluon exchange hyperfine interaction, is also included self-consistently. The extra repulsion associated with this increased hyperfine interaction in-medium completely changes the predictions for Σ hypernuclei. Whereas in the earlier version of QMC they were bound by an amount similar to Λ hypernuclei, they are unbound in the latest version of QMC, in qualitative agreement with the experimental absence of such states.
INTRODUCTION
The study of Λ hypernuclei has provided us with important information on the properties of Λ in a nuclear medium and the effective Λ-N interaction [1] . However, the situation for Σ and Ξ hypernuclei is quite different. The special case of 4 Σ He aside, there is no experimental evidence for any Σ hypernuclei [2] , despite extensive searches. It seems likely that the Σ-nucleus interaction is somewhat repulsive and that there are no bound Σ hypernuclei beyond A=4. In the case of the Ξ, the experimental situation is very challenging, but we eagerly await studies of Ξ hypernuclei with new facilities at J-PARC and GSI-FAIR.
To understand further the properties of hypernuclei, we have used the latest version of the quark-meson coupling (QMC) model [3] , which will be referred to as QMC-III, and computed the single-particle energies [4] . (The earliest version of QMC will be referred to as QMC-I, where QMC-II [5] also exists.) The major improvement in the QMC-III model is the inclusion of the effect of the medium on the color-hyperfine interaction. This has the effect of increasing the splitting between the Λ and Σ masses as the density rises. This is the prime reason why our results yield no middle and heavy mass Σ hypernuclei [4] .
The QMC model was created to provide insight into the structure of nuclear matter, starting at the quark level [6, 7] . Nucleon internal structure was modeled by the MIT bag, while the binding was described by the self-consistent couplings of the confined light quarks (u, d) (not s nor heavier quarks!) to the scalar-σ and vector-ω meson fields generated by the confined light quarks in the other "nucleons". The self-consistent response of the bound light quarks to the mean σ field leads to a novel saturation mechanism for nuclear matter, with the enhancement of the lower components of the valence Dirac quark wave functions. The direct interaction between the light quarks and the scalar σ field is the key of the model, which induces the scalar polarizability at the nucleon level, and generates the nonlinear scalar potential (effective nucleon mass), or the density (σ -field) dependent σ -nucleon coupling. The model has opened tremendous opportunities for the studies of finite nuclei and hadron properties in a nuclear medium (in nuclei), based on the quark degrees of freedom [7] .
HYPERONS IN NUCLEAR MATTER
Since the coupling constants of the light quarks (u, d) and σ , ω, and ρ fields are the same for all the light quarks in any hadrons in QMC, the model can treat the interactions in a systematic, unified manner. In particular, the scalar potentials (in-medium mass minus free mass) for hadrons in QMC-I have turned out to be proportional to the light quark number in a hadron -the light quark number counting rule [8] . This is shown in the left panel in Fig. 1 . 
. Scalar potentials in QMC-I (left panel) [8] , and scalar (V S ) and vector (V V ) potentials in QMC-III (right panel) [4] , in symmetric nuclear matter. The vector potentials are the same for both QMC-I and QMC-III, proportional to the light quark number in a hadron, and liner as a function of baryon density.
As one can see from the left panel in Fig. 1 , the attractive scalar potentials felt by the Λ and Σ are nearly the same. Since the repulsive vector potential is proportional exactly to the light quark number in QMC, the total, nonrelativistic potentials felt by the Λ and Σ are very similar. Thus, as in usual SU(3)-based relativistic mean field models, this naturally led to predict the existence of bound Σ hypernuclei in QMC-I [9] , with the similar amount with that of the Λ, despite of some deviations due to the Λ − Σ channel coupling and phenomenologically introduced Pauli blocking effect at the quark level [9] .
However, this difficulty, which contradicts to the experimental observations, is resolved in QMC-III [4] . It is the self-consistent inclusion of the color-hyperfine interaction in a nuclear medium that resolves this difficulty. (Based on the quark and gluon dynamics!) By this color-hyperfine interaction in the nuclear medium, the scalar potential for the Λ gets more attraction, while that for the Σ gets less attraction. (Similarly,the scalar potential for the ∆ becomes less attractive than that for the nucleon.) The scalar (V S ) and vector (V V ) potentials calculated in QMC-III in symmetric nuclear matter are shown in the right panel in Fig. 1 .
Explicit expressions for the effective masses (in-medium masses) in QMC-III are,
where, the bag radius in free sapce, R f ree N , has been taken 0.8 fm for numerical calculations, but the results are quite insensitive (c.f. Fig. 1 of Ref. [3] ) to this parameter.
HYPERNUCLEI
In this section we present the results for hypernuclei calculated in QMC-III. Details are given in Ref. [4] . To calculate the hyperon levels, we use a relativistic shell model, and generate the shell model core using the Hartree approximation. The free space meson nucleon coupling constants are, g 2 σ = 8.79m 2 σ , g 2 ω = 4.49m 2 ω and g 2 ρ = 3.86m 2 ρ , with m σ = 700 MeV, m ω = 770 MeV and m ρ = 780 MeV [3] . Once we have the shell model core wave functions, we use the more sophisticated Hartree-Fock couplings for the hyperon. In a previous study of high central density neutron stars [3] , where the hyperon population is large enough that their exchange terms matter, we found that the HartreeFock couplings, g 2 σ = 11.33m 2 σ , g 2 ω = 7.27m 2 ω and g 2 ρ = 4.56m 2 ρ , gave a satisfactory phenomenology. So, for the hyperons we use these couplings. (See also Eqs. (3) - (5)).
Before discussing the results in detail, we first note the remarkable agreement between the calculated (−26.9 MeV in 209 Λ Pb) and the experimental (−26.3 ± 0.8 MeV in 208 Λ Pb) binding energy of the Λ in the 1s 1/2 level. In our earlier work the Λ was overbound by 12 MeV and we needed to add a phenomenological correction which we attributed to the Pauli effect at the quark level. This correction is not needed when we use Hartree-Fock, rather than Hartree, coupling constants.
Already at this stage the binding of the Σ 0 in the 1s 1/2 level of 209 Σ 0 Pb is just a few MeV -a major improvement over the earlier QMC-I results. However, there is an additional piece of physics which really should be included and which goes beyond the naive description of the intermediate range attraction in terms of σ exchange. In particular, the energy released in the two-pion exchange process, N Σ → N Λ → N Σ, because of the Σ-Λ mass difference, reduces the intermediate range attraction felt by the Σ hyperon. In Ref. [9] this was modeled by introducing an additional vector repulsion for a Σ hyperon. Following the same procedure, we replace g Σ ω ω(r) by g Σ ω ω(r)+λ Σ ρ B (r), with λ Σ = 50.3 MeV-fm 3 , as determined in Ref. [9] by the comparison with the more microscopic model of the Jülich group [10] .
Our results are presented in Tables 1 and 2 . The overall agreement with the experimental energy levels of Λ hypernuclei across the periodic table is quite good. The discrepancies which remain may well be resolved by small effective hyperon-nucleon interactions which go beyond the simple, single-particle shell model. Once again, we stress the very small spin-orbit force experienced by the Λ, which is a natural property of the QMC model [9] . 
There are no entries for the Σ-hyperon because neither the Σ + nor the Σ 0 is bound to a finite nucleus in strong interaction. This absence of bound Σ hypernuclei constitutes a major advance over QMC-I. We stress that this is a direct consequence of the enhancement of the hyperfine interaction (that splits the masses of the Σ and Λ hyperons) by the mean scalar field in-medium. It is especially interesting to examine the effective nonrelativistic potential felt by the Σ 0 in a finite nucleus. For example, we show in Fig. 2 While the exact numerical values depend on the mass taken for the σ meson, we stress the similarity to the phenomenological form found by Batty et al. [12] . For a recent review see [13] . It will clearly be very interesting to pursue the application of the current theoretical formulation to Σ − -atoms.
We also note that this model supports the existence of a variety of bound Ξ hypernuclei. For the Ξ 0 the binding of the 1s level varies from 5 MeV in 17 Ξ 0 O to 15 MeV in 209 Ξ 0 Pb. The experimental search for such states at facilities such as J-PARC and GSI-FAIR will be very important.
CONCLUSION
First, the inclusion of the effect of the medium on the one-gluon exchange color magnetic hyperfine interaction between quarks within the quark-meson coupling model (QMC-III), has led to some important advances. This is based on the quark and gluon dynamics, and it would be non-trivial task for usual SU(3) symmetry and hadron based relativistic mean field approaches to accommodate such effects leading to the absence of middle and heavier mass Σ hypernuclei.
Second, the agreement between the parameter free calculations and the low-lying experimental energy levels for the Λ hypernuclei is impressive, especially between the calculated (−26.9 MeV in 209 Λ Pb) and the experimental (−26.3 ± 0.8 MeV in 208 Λ Pb) single-particle energy of the Λ in the 1s 1/2 level. However, for the d-and f-wave levels shown in Table 2 , there is a tendency for the model to overbind by several MeV. Whether this is a consequence of the use of an extreme single particle shell model for the core, the omission of residual Λ − N interactions or an aspect of the current implementation in QMC-III that requires improvement remains to be seen.
Third, a number of Ξ hypernuclei are predicted to be bound, although not as deeply as in the Λ case.
Last, we emphasize again that the additional repulsion arising from the enhancement of the hyperfine repulsion in the Σ-hyperon in-medium, together with the effect of the ΣN − ΛN channel coupling on the intermediate range scalar attraction, means that no middle and heavy mass Σ hypernuclei are predicted to be bound. This encouraging picture of finite hypernuclei, suggests that the underlying model, which is fully relativistic and incorporates the quark substructure of the baryons, is ideally suited for application to the properties of dense matter and neutron stars.
